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Abstract
The engineering capability of the industrial cobalt-base superalloys will be ex­ 
amined. Developments in alloy design, as well as manufacturing techniques to 
extend usefulness of cobalt superalloys for temperature stability, corrosion 
resistance, creep, fatigue, and strength will be reviewed as they apply to air­ 
craft structures and parts.
In the course of developing and producing the 
turbosupercharger, early in World War II, a dis­ 
covery of major significance to the cobalt industry 
was made. The investment-cast cobalt-base dental 
alloy, known as VitalHum, was observed to possess 
mechanical properties and microstructural stability 
that made it suitable for supercharger buckets 
operating at temperatures well in excess of 
1000 F. Shortly, thereafter, a modification of 
Vitallium, designated HS-21, was developed speci­ 
fically for such high-performance high-temperature 
applications. The use of this alloy expanded to 
buckets and guide vanes for aircraft turbojet 
engines operating at temperatures as high as 1500 
F, a performance considered remarkable at the time. 
Soon alloys of the HS-21 type, along with a number 
of iron-base and nickel-base high-strength, high- 
temperature alloys, were baptized "superalloys 11 .
2. ALLOY DEVELOPMENT
During the years following these early discoveries, 
active alloy-development programs have resulted in
the emergence of a variety of important cobalt-base 
superalloys. Compositions and stress-rupture data 
for a number of them are given in Table 1. All are 
cobalt-chromium-carbon alloys containing various 
amounts of other elements. The principal mechanism 
by which these alloys develop their high-tempera­ 
ture strength is solid-solution strengthening 
brought about by the presence in the matrix of the 
refractory metals, tungsten, molybdenum, columbium, 
and tantalum, as well as the probability of carbon 
also. In addition, it is common to consider that a 
second mechanism contributes to the strength of 
these alloys; namely, the formation and dispersion 
of stable complex carbides througout the matrix. 
However, in many cases, there is doubt that this
mechanism is operative because the morphology of
(2 3)the carbides is unfavorable v ' . Residual ele­ 
ments, such as iron, sulfur, phosphorus, mangan­ 
ese, and silicon (not listed in Table 1) may play
(4)
significant roles influencing properties . How­ 
ever, the final word on this subject will not be 
had until a computer study of their effects and 
interactions has been made.
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As shown in Table 1, a series of wrought alloys 
has been developed in addition to numerous cast 
alloys. The wrought alloys are distinguished from 
the cast varieties by their tendency to be lower 
in carbon and higher in nickel content. The 
cobalt-base superalloys are air melted, unless 
they contain highly reactive metals, such as alumi­ 
num, titanium, yttrium, and lanthanum, in which 
case they are vacuum melted.
Among the cast alloys, X-40 soon displaced the 
original HS-21 because of its substantially greater 
elevated-temperature strength. WI-52 came along 
with still higher strength, as the stress-rupture 
data in Table 1 suggest. The newer alloy, Mar-M 
509, was the result of a substantial research 
effort; considerable information on this alloy is 
currently being published * . Although Mar-M 
322 is no longer being used, this alloy should be­ 
come very useful if its high-temperature-corrosion 
resistance can be improved without sacrificing its 
excellent elevated-temperature strength.
Of the wrought alloys, S-816 and L-605 were highly 
successful materials that emerged early in the 
history of wrought superalloy development. HA-188 
and CM-7 are modifications of L-605. The strength 
of HA-188 is essentially the same as that of L-605, 
but it has much better oxidation resistance, making 
it a strong candidate for numerous applications 
where Hastelloy-X is used. HA-188 is comparatively 
easy to fabricate and weld . CM-7, under devel­ 
opment by Centre National des Recherches Metallur- 
giques, Liege, Belgium, for Centre d f Information
du Cobalt, Brussels, is L-605 to which titanium
(8)and aluminum have been added . The rupture
strength of this alloy is considerably higher than 
that of L-605 at 1600 F and below; although at tem­ 
peratures of 1700 F and 1800 F, CM-7 is only a 
slight improvement over L-605. The potential of 
J-1650 has never been exploited, although it has 
exceptionally high rupture strength comparable to 
that of many of the cast alloys.
3. STRUCTURAL STABILITY
The ability of an alloy to sustain loads for long 
period of time at elevated temperatures is a direct 
function of the microstructural stability of the 
alloy. The latter is dependent upon time and tem­ 
perature and, to a considerable extent, upon the 
environment as well. Unfortunately, to date no 
great amount of information exists on the micro- 
structural stability of cobalt-base alloys. One 
approach to the subject is through the construction 
of time-temperature-transformation (TTT) diagrams. 
An example is the TtT diagram for L-605, given in 
Figure 1, which shows the formation of the various
carbides and other phases as a function of time and
(9) temperature . The environment was air.
Plots of creep and stress-rupture data, as well as 
parametric plots of these types of data such as the 
Larson-Miller method, also are Indicators of struc­ 
tural stability. Figure 2 shows Larson-Miller para­ 
metric plots of stress-rupture data for S-816, 
L-605, and X-45. Some of the curves in this figure 
are based on data extending to as much as 100,000 
hours. The elevated-temperature strength, rupture, 
and creep properties of the cobalt-base superalloys 
X-40, WI-52, Mar-M 302, L 605, and S-816 appear in 
a report prepared in 1968 for ASTM^
4. SPECIFIC CHARACTERISTICS
The greatly increased use of gas turbines combined 
with the necessity to operate them economically has 
made it mandatory to resort to the lower grade 
fuels, which run high in sulfur content. Thus far, 
the cobalt-base alloys have shown superior resis­ 
tance to sulfidation in the combustion atmospheres 
generated in gas-turbine operation. The "hot 
corrosion" of these alloys has been the subject of 
numerous investigations
Where sliding or rubbing contact can occur between 
components, their galling and wear characteristics 
become important considerations. Early experience 
with superalloy sheet in ramjets demonstrated that 
the cobalt-base alloys possess "non-galling11 char­ 
acteristics at elevated temperatures.
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Only recently» however, has comprehensive research 
been conducted on the friction and wear properties 
of cobalt and cobalt alloys. These properties 
were investigated in conjunction with a program 
directed at determining the influence of crystal-
lographic structure on friction and wear charac-
(12) teristics x . Under the conditions of test, the
coefficient of friction of the room-temperature 
equilibrium phase of cobalt (i.e., hexagonal close 
packed) was found to be 0.4, while that for the 
high-temperature equilibrium phase (i.e., face 
centered cubic, stable about 780 F) was 1.6. Cor­ 
responding wear rates for these two phases of 
cobalt were 3.78 x 10"11 and 3.5 x 10~9 cm3/cm of 
sliding. In the course of the investigation, it 
was found that the coefficient of friction of 
hexagonal cobalt could be reduced to some extent 
by the addition of certain alloying elements, the 
reduction occurring even when the test temperature 
and the sliding speed were increased.
Often such properties as erosion resistance, 
damping capacity, high-temperature magnetic char­ 
acteristics (the Curie temperature of cobalt is 
1120 C) , spring and bearing properties, are 
important in engineering applications. Cobalt 
alloys have shown usefulness in applications 
where such characteristics are required. In this 
connection, it is worthwhile to remember that, 
although the tendency is to think only in terms 
of jet engines and gas turbines when superalloys 
are mentioned, the cobalt-base alloys can perform
in a variety of applications which though not so
(13 
glamorous are nonethless extremely important. '
14,15)
5. APPLICATIONS FOR COMMERCIAL ALLOYS
Today's commercial cobalt-base alloys are .being 
used in hot sections of engines, support rings, 
burner liners, exhaust cone assemblies, nozzle 
diaphragm valves, high-temperature valves and 
springs, gas-turbine rotors and buckets, and 
stressed and unstressed parts that must operate 
at temperatures up to 2100 and 2200 F, turbine 
blades, disks, combustion chambers, jet stacks,
jet combs, aircraft afterburner parts, fasteners, 
tail cones, rocket chambers, manifolds, turbo­ 
prop engine parts, pneumatic controls, closed-loop 
turbine systems, temperature and pressure-sensing 
devices, rotor-type louvers, post-entry lips for 
jet engines, nozzle rings, rocket nozzles, shingles 
for space capsules and boost glider vehi.cJ.es> jigs 
to hold jet blades for most of the finishing opera­ 
tions, thrust reversers, shafts, and nozzle guide 
vanes.
6. NEW ALLOYS
NASA's Lewis Research Center has developed a series 
of cobalt-tungsten superalloys known as VM alloys, 
that are designed primarily for space power 
systems , The compositions of these new alloys 
are listed in Table 2; the. stress-rupture charac­ 
teristics are illustrated in Figure 3 for the VM 
alloys. The first alloy showed a 100-hour rupture 
stress of 18 ksi at 1800 F, and 9.7 at 2000 F. The 
makeup of these materials reflects the fact that, 
in the extremely high vacuum of space, low vola­ 
tility is an important requirement while oxidation 
resistance, usually a matter of vital concern in 
air, is not important. Hence, these alloys contain 
large amounts of tungsten (low vapor pressure), but 
their chromium content (a highly volatile metal) is 
limited to three percent.
A spin-off of the development of these alloys is a 
ferromagnetic, high-temperature structural alloy 
containing 7.5 W, 2.5 Fe, 1 Ti, 0.5 Zr, and 0.5 
C . This material may be suitable for motor and 
generator rotors because of its high-temperature 
strength and ability to withstand high centrifugal 
stresses. Among magnetic properties, it develops 
high magnetic induction under a small exciting 
field.
A recently developed alloy, of interest especially 
because of its stress-corrosion resistance, is 
Multiphase MP 35 N, already being used for fasten­ 
ers in the aerospace industry. This alloy consists 
of 35 percent Co, 35 percent Ni, 20 Cr and 10 Mo; a 
variety with 50 percent Co and lower Ni content is
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(1 fi^being investigated . The latter is also expec­ 
ted to have aerospace applications.
7. PROCESSING FACTORS
In the opinion of some metallurgists, greater 
gains are likely to be achieved in the performance 
of superalloys, either Ni-base or Co-base, from 
advances in processing rather than from the devel­ 
opment of new compositions. An interesting 
example is Pratt and Whitney's "Monocrystalloy", 
essentially a single crystal cast into blades and 
vanes. The technique was developed for nickel- 
base superalloys after mastering the process of 
directional solidification. Monocrystalloy is 
claimed to have improved resistance to thermal 
fatigue and creep, as well as greater ductility 
than the same alloy as investment cast.
Use of directionally solidified eutectics, dis­ 
persed compounds, and prealloyed powders may pro­ 
vide opportunities for the development of super- 
alloys with superior performance. The Centre 
National de Recherches Metallurgiques is investi­ 
gating the first possibility for the Centre 
d 1 Information du Cobalt, Brussels. Research on
thoria dispersed cobalt-base alloys has been spon-
(19) sored by AFML V . Co-Cr-Ni-Th02 alloys seem to
have interesting creep strengths up to 2200 F, 
with suitable oxidation and sulfidation resistance. 
Powder metallurgy and related techniques are used 
to consolidate this material.
Several routes can be used to produce alloy 
powders—from preparing the powder by mixing to­ 
gether powders of the individual elemental compon­ 
ents to consolidating the alloy first and convert­ 
ing it to powder afterwards. Prealloyed powders 
are especially interesting in that they help avoid 
chemical segregation and the presence of inclusions, 
both of which commonly occur in castings.
nickel-base superalloy met with indifferent 
success . It now appears that, to achieve 
optimum results in many cases, requires considera­ 
ble adaptation of the process and the alloy to 
each other. For example, In the consolidation of 
superalloys by powder-metallurgical techniques, 
the presence of chromium oxide, dispersed in the 
powder generally has been detrimental. It i* 
possible that an instant sintering process, such as 
Japax, may overcome some of the undesirable effects 
resulting from the presence of chromium oxides.
Electroforming followed by heat treatment has been 
used to produce some difficult-to-manufacture aero­ 
space parts from cobalt-base alloys. The cobalt- 
tungsten-type alloys have the interesting possi­ 
bility of being plated from aqueous solution* . 
Because of their low wear rates and low coefficient 
of friction, plating of bearing and rubbing sur­ 
faces with cobalt and its alloys should be of 
interest to the aerospace Industry. Centre d f In­ 
formation du Cobalt, Brussels, is currently •poo- 
soring a program to produce and test such coating*. 
Again, the phenomenon of electrophoresis makes 
possible the codeposition of an Insoluble compound 
in particle forms with the metal. In this way, It 
may be possible to produce thin cobalt-chromium 
sheet containing dispersed oxides. In th« **»• 
manner, It may be possible to produce cobalt alloy* 
containing compounds that provide dry lubrication*
In summary, cobalt-base alloys are already doing 
their part In the aerospace industry. But, there 
is still an untapped potential. It is hoped that 
this paper will induce the aerospace engln**r to 
consider cobalt-base alloy* where he ha* problw*, 
easy or difficult, that need solution, where high 
temperature, stress-corrosion, wear, friction, or 
magnetic properties are involved.
Fabrication of bar, sheet, and other shapes from 
powders has met with varying degrees of success. 
Slip casting of X-40 sheet has been claimed to be 
very successful, while the same technique on a
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TABLE 2. NASA COBALT-TUNGSTEN ALLOYS
c
Cr
Ni
W
Ti
Zr
Re
Al
VM VM 103
.4 .5
3
25 25
1 1
.5
2
1
VM 105 VM 106 VM 107
.5 .5 ..5
333
1
20 17.5 20
1 .7 1
.5 .37 1
333
NASA alloys must be coated for use in oxiding 
environments
1-59
O
\J 60
 
40 20 1
0 8 6 A.
\B °\ x\ -AX B L -C L D S -E S\ -
4
5
' 
60
5 
60
5 
81
6 
81
6
^
m
i 
inn 
^
^
10
0,
00
 
10
 
10
,0
0 1C
 
IO
O.
OC
. 
1
Te
mp
.F
24
00
22
00
20
00
18
00
16
00
14
00
12
00
10
00
^
D ^
s \
>0 
ho
u 
0 
ho
u 
O 
ho
u 
10
 h
ou
 
)0
ho
u
P/
IO
OO
 fo
r
0.
00
1 
!
48
.7
45
.2
41
.8
38
.4
35
.1
31
.6
28
.3
24
.8
O.
I
54
.5
50
.9
46
.9
43
.1
39
.1
35
.4
31
.6
27
.8
rs
 —
 *
rs rs
 
rs
 
rs
i
Ru
ot
ur
e 
at
 T
10
 
10
0
60
.1 
62
.9
55
.9
 
58
.5
51
.7
 
54
.0
47
.5
 
49
.8
43
.4
 
45
3
39
.1 
40
.9
34
.9
 
36
.6
30
.7
 
32
.2
K \\^ \
y^ E
^
\
\ \
me
 in
dc
ate
d.
h
10
00 61
.2
56
.6
52
.0
47
.4
42
.8
38
.2
33
.6
>,B >C
30
00
62
.8
57
.9
53
.1
48
.4
43
.0
39
.0
34
.3
ou
rs
10
0.0
00
61
.5
56
.5
51
.5
46
.5
41
.6
36
.5
— —
49
.1
 
42
.2
35
.1
 
28
.1
14
.1 
7.
03
M E E •x
. 0>
36
 
38
 
40
42
 
44
 
46
 
48
 
50
 
P
=
T
(2
0 
+ 
lo
g 
t)
x 
IO
"3
52
 
54
56
LA
R
SO
N
-M
IL
LE
R
 
PA
RA
M
ET
ER
 ( 
P
) 
PL
O
TS
 
FO
R 
S
-8
16
, 
L6
05
 
AN
D
 X
-4
5
Fi
gu
re
 2
.
IUU
80 
60
40
| 20 
co*
CO
k.«•"*
10 
8
6
4
1 1 1 I
r _ P/IOOO for Rupture at Time Indicated f hoursremp'F oooi
2400 48.7
2200 45.2
2000 41.8
1800 38.4
1600 35.1
1400 31.6
1200 28.3
1000 24.8
O.I 10
54.5 60.1
50.9 55.9
46.9 51.7
43.1 47.5
39.1 43.4
35.4 39.1 -
31.6 34.9
27.8 30.7
X
v
i
100 1000
62.9
58.5 61.2
54.0 56.6
49.8 52.0
45.3 47,4
40.9 48.2
36.6 38.2
32.2 33.6
103-7
N\N
'MI06-^
1
3000 100.000
62.8
57.9 61.5
53.1 56.5
48.4 51.5
43.6 46.5
39.0 41.6
34.3 36.5
VMI05
V
XrVM
^
1
———
103
\
42.4
28.1 
21.1
14.1 
7.03
M
E 
E
v.
0>
44 48 52 56
P = T(20+Log t)x 10"
60
LARSON - MILLER PARAMETER PLOT FOR NASA 
VM ALLOYS
Figure 3.
1-61
3. REFERENCES
(1) Badger, F. S,, and Sweeney, W. 0.> "Metal­ 
lurgy of Hi^h~T.?.mperature Alloys Used in 
Current Ga? Turbine, resigns", Symposium en 
Materials foi. Gas Turbines, ASTM, 49th Annual 
Meeting (June 24-28, 1946).
(2) Morral, F. P., ec aU, "Microstructure of
Cobalt Base High Temperature Alloys", Metals 
Eng. Quarterly,. 9 (?)» P 1-15 (1969).
(3) Gaimei, A., Burma, J., Rub in, S.. Cheng, M. , 
and Freise, E. J., "Tne Role of Allotropic 
Transformation in Cobalt Base Alloys", Parts 
I and II, Cobalt, 39, 88-96; 40., 140-155 
(1968).
(4) Morral, F. R, , ''The Metallurgy of Cobalt
Alloys - A 1968 Review", J. of Metals, August, 
1968. Also Technische Mitteilungen, 61, 
554-61 (1968).
(5) Drapier, J- M., Leroy, V. , Dupont , C.,
Coutsouradis, D-, and Habraken, L. , "Struc­ 
tural Stability of Mar-M 509", Cobalt, 41, 
199-213 (1968); Inter, Symposium on Structural 
Stability in Superalloys, 436-459 (1968).
(6) Woulds, M. J,,, and Cass, T. R. , "Recent
Developments in Mar M-509", Cobalt, 42_, 3-13 
(1969).
(7) Herchenroeder, P. B,, "A New Oxidation Resis­ 
tant, High Strength, Ductile, Co Base Alloy", 
Paper presented at AIME Meeting, October, 
1967, Cleveland, Ohio, Union Carbide report.
(8) Rogister, G., Coutsouradis, D. , arid Habraken, 
L. s "Improvement of Heat Resisting Cobalt 
Base Alloys by Precipitation Hardening", 
Cobalt, 3-4, 3-9 (1967).
(9) Takeda, S., and Yukawa, N., "Review of Recent 
Progress in Suparalloys", Nippon Kinzoku 
Gallai-ho (Bull. Japan. Inst. of Metals), j3, 
11, 784-802; No. 12, 850-855 (1967).
(10) Moon, D. P., Simon, R. C., and Favor, R. J., 
"Elevated Temperature Properties of Selected 
Superalloys", ASTM Data Series Ds7-Sl, June, 
1968, 350 pages.
(11) Morral 9 F. R., "Corrosion of Cobalt and
Cobalt Alloys - Products and Mechanisms", 
Paper No. 84, Preprint, 1969 Conference NACE, 
Houston, Texas,,
(12) Buckley, D. H., "Adhesion, Friction and Wear 
of Cobalt and Cobalt Base Alloys", Cobalt, 
3.8, 20-28; Also NASA TN D-2513 (1963); D-3225 
(1966); D-3794 (1967); D--4143 (1967); D-4668 
(1968).
(13) Hall, A. M., and Morral, F. R. , "From Gas 
Turbines to Furnace Parts - Cobalt Alloys 
Beat Heat", Materials in Design Engineering 
(February, 1966).
(14) Morral, F. R. , "Cobalt Alloys in Process
Metallurgy Operations", J. of Metals (Octo­ 
ber, 1966).
(15) Morral, F. R. , "Cobalt Alloys in Manufactur­ 
ing", ASTME EM 67-694 (1967).
(16) Freche, J. C. , Ashbrook, R. L. , and Sandrock, 
G. D., "Further Investigation of High Tem­ 
perature Cobalt Tungsten Alloys for Aerospace 
Applications", Cobalt, 2,4_» 125-127 (1964); 
Cobalt, 20, 114-116 (1963).
(17) Ashbrook, R. L., Hoffman, A. C. , Sandrock, G. 
D., Dreshfield, R. L., and Freche, J. C., 
"Development of a Co-W Ferromagnetic, High 
Temperature Structural Alloy", Cobalt, 40, 
123-130; NASA TN D-4338 (1968); J. of Applied 
Physics, 19, 599-600 (1968).
(18) Pugliese, L. A., and Stroup, J. P., "A New 
Co-Ni-Mo-Cr Ultrahigh Strength Corrosion 
Resistant Alloy System - Multiphase", Cobalt, 
43 (1969), Taylor, E., "The Corrosion on 
Resistance of Multiphase Alloys", NACE Pre­ 
print No. 64, 1969 Conference, Houston, 
Texas; Simmons, W. F., "Preliminary Proper­ 
ties of Multiphase MP35N", DMIC Technical 
Note (October, 1968).
(19) Mincher, A. L., "Dispersion Strengthened
Cobalt Alloys", Cobalt, 32, 119-123 (1966); 
"Development of Dispersion Strengthened 
Cobalt Base Alloys", Dupont Final Report for 
AFML, Contract F 33615.
1-62
(20) Clarck, Dr. F. H. , Personal Communication, 
February 20, 1968, The Comstock Corporation 
Process, U.S. Patent 3,418,114.
(21) Morral, F. R. , "Electroforming Cobalt and 
Cobalt Alloys", Plating (August, 1963).
9. ADDITIONAL REFERENCES
Sullivan, C. P., Varin, J. D., and Donachie, M. 
J., Jr., "Relationship of Properties to Micro- 
structure in Cobalt-Base Superalloys", Metals Eng. 
Quarterly, 9_ (2), p 16-29 (1969).
Herchenroeder, R. B. , and Ebihara, W. T., "In- 
Process Metallurgy of Wrought Cobalt-Base Alloys", 
Metals Eng. Quarterly, 2 < 2 )> P 30-41 (1969).
Woulds, M. J., "Casting of Cobalt-Base Super- 
Alloys", Metals. Eng. Quarterly, 9. (2), p 45-48 
(1969).
F. R. MORRAL, Director, Cobalt Information Center, 
received a B.S. in electrochemical engineering in 
1932 from the Massachusetts Institute of Tech­ 
nology and a Ph.D. in metallurgy in 1940 from 
Purdue University. Graduate studies were conducted 
in Sweden and in Spain. He has been the coordina­ 
tor of the CIC since its inception in 1956. He ±* 
the coauthor of a Spanish textbook, holds three 
patents, and is the author or coauthor of over 100 
technical artices. He has actively participated on 
many committees and held various offices in numer­ 
ous professional societies. He is a member of 
SAMPE, and other technical societies.
1-63
1-64
